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Quantum key distribution (QKD) guarantees the secure communication between legitimate parties
with quantum mechanics. High-dimensional QKD (HDQKD) not only increases the secret key rate
but also tolerates higher quantum bit error rate (QBER). Many HDQKD experiments have been
realized by utilizing orbital-angular-momentum (OAM) photons as the degree of freedom (DOF)
of OAM of the photon is a prospective resource for HD quantum information. In this work we
proposed and characterized that a high-quality HDQKD based on polarization-OAM hybrid states
can be realized by utilizing state mapping between different DOFs. Both the preparation and
measurement procedures of the proof-of-principle verification experiment are simple and stable.
Our experiment verified that (0.60± 0.06)% QBER and 1.849± 0.008 bits secret key rate per sifted
signal can be achieved for a four-dimensional QKD with the weak coherent light source and decoy
state method.
Higher-order Poincare´ (HOP) has recently been in-
troduced to describe the total angular momentum of a
photon [1, 2]. Photons with orbital angular momentum
(OAM) [3] are also called twisted photons [4]. The poles
of the HOP are scalar vortex states and can be expressed
as product of polarization and OAM. The polarization
of scalar vortex is spatially homogeneous. The states on
the HOP except the poles are nonseparable polarization-
OAM hybrid states and are named vector vortices [5–
9], which are spatially polarized. The Poincare´ sphere,
usually being used to describe polarization states, has
also been introduced to describe the degree of freedom
(DOF) of OAM, where the basis states are two orthogo-
nal OAM states[10]. The Hilbert space of OAM is infinite
theoretically and photons with more than 10,000 quanta
OAM have been realized in experiment [11]. Thus,
the DOF of OAM of the photon is a prospective high-
dimensional (HD) resource for classical optical commu-
nication [12–18] and quantum information [4, 19], such as
HD quantum entanglement [20], quantum memory [21],
quantum teleportation[22] and quantum key distribution
(QKD)[23, 24]. QKD [25] guarantees the secure commu-
nication of two parties with quantum physics [26]. The
traditional QKD protocols, distributing one bit raw key
per effective detection issue, develops rapidly in the last
decades [27–31]. HDQKD not only increases the secret
key distribution rate but also makes the legitimate par-
ties have more advantages to detect an eavesdropper than
the traditional 2-dimensional QKD does[32–34]. Hence,
HD quantum key distribution (HDQKD) with OAM pho-
tons have been a hot topic in recent years [35–44].
On the other hand, polarization is one of the most
mature DOF in classical and quantum communication.
By combining both Poincare´ spheres of polarization and
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FIG. 1. The experimental realized beam profiles of (a) the
radial vector vortex and the corresponding MUBs (b1)-(b4)
{|ψ〉i} and (c1)-(c4) {|φ〉i} constructed in Equation 1. The
beam profiles are prepared by a q-plate with q = 1/2. The
green arrows are the orientation of the linear polarization.
OAM, the HOP is able to describe the polarization-OAM
hybrid vector vortices. Owing to the nonseparable char-
acteristic, the polarization and OAM of the vector vor-
tex state on the HOP can be manipulated by each other.
The nonseparable characteristic also reveals the unique
feature of the spatially polarized structure of the vector
vortex [5–8].
In this work, by using of the nonseparable feature of
the vector vortex, we realized the state mapping be-
tween the DOF of OAM and polarization. Then, a
proof-of-principle characterization experiment was im-
plemented to verify the feasibility of a four dimensional
QKD. By taking advantage of the state mapping method
between different DOFs, only polarization manipulation
to a vector vortex state on the HOP is necessary to im-
plement the HDQKD. Thus, the preparation and mea-
surement fidelities are determined by the polarization
control procedure, which is high-precision. We charac-
terized that a HDQKD system based on our protocol
could achieve 1.849± 0.008 bits secret key rate per sifted
signal (SKRPSS) with ultra-low quantum-bit-error-rate
(QBER) 0.60%± 0.06% and ultra-high stability.
The vector vortex state on the equator of the HOP
2FIG. 2. The schematic setups of preparation and projective
measurement of two sets of four dimensional MUBs. (a) The
preparation procedure; (b) the factorization of Pˆs; (c) the
projective measurement setup. Q, QB1(B2): q-plate; DH(V ):
single-photon detector.
is in the form of |L〉|−l〉 + eiθ|R〉|l〉 and is completely
spatially polarized, where |L〉 (|R〉) is the left (right) cir-
cular polarization and |l〉 is the OAM with l~ quantum
number. Such a vector vortex can be prepared by the
Sagnac loop structure with a spiral phase plate[2, 45]
or a q-plate [46–48], among which the q-plate method
is easier to realize [23, 48, 49]. A q-plate can be ex-
pressed as Qˆ(q) = (|L〉〈R|)⊗ (∑l |l − 2q〉〈l|)+(|R〉〈L|)⊗
(
∑
l |l + 2q〉〈l|), where 2q is the quantum number of OAM
and is determined by the q-plate. As the Hilbert space
of OAM is not closed, the summation of the q-plate is
also not closed, in principle. For a linear polarized in-
put Gaussian beam, the output state from the q-plate
is |V〉 = Qˆ(q)|H〉|0〉 = (1/√2)(|R〉|2q〉 + |L〉| − 2q〉).
It is a radial polarized vector vortex (see Figure 1(a))
on the equator of the HOP. If we project the state
into homogeneous linear polarization, then Pˆs(α)|V〉 =
(e−iα/2)(cosα|H〉 + sinα|V 〉)(|2q〉 + e2iα| − 2q〉), where
Pˆs(α) = (cosα|H〉+ sinα|V 〉)(cosα〈H |+ sinα〈V |) is the
projector, α is the projection angle and the subscript s
means that the manipulation is operated on the DOF
of polarization. The projective state becomes a prod-
uct state of polarization and OAM. Figure 1(a) gives
the beam profiles of the radial polarized vector vortex
prepared by a q-plate with q = 1. By rotating the pro-
jection angle α, the projective polarization state rotates
on the equator of the polarization Poincare´ sphere and
the projective OAM state rotates on the equator of the
OAM Poincare´ sphere [10] simultaneously, though we
have not manipulated the state in the DOF of OAM di-
rectly. Thus, we only need operating on a single DOF
to fulfill the manipulation of multiple DOF. For exam-
ple, by applying another unitary transform Uˆs(α) in
the DOF of polarization after the projector, the state
becomes Uˆs(α2)Pˆs(α1)|V〉 = (e−iα1/2)
(
cos(∆α)|H〉 +
sin(∆α)|V 〉)(|2q〉 + e2iα1 |−2q〉), where ∆α = α2 − α1
and the unitary transform Uˆs(α) is given by
Uˆs(α) =
(
cosα sinα
sinα −cosα
)
.
Then, by choosing α1,∆α ∈ {0, pi/2} and α1,∆α ∈
{pi/4,−pi/4}, two sets of four dimensional MUBs {|ψ〉i}
and {|φ〉i} are constructed, respectively. {|ψ〉i} and
{|φ〉i} are defined as{|ψ〉1 = |H〉(|2q〉+ |−2q〉), |ψ〉2 = |H〉(|2q〉 − |−2q〉),
|ψ〉3 = |V 〉(|2q〉 − |−2q〉), |ψ〉4 = |V 〉(|2q〉+ |−2q〉)
}
,{|φ〉1 = |D〉(|2q〉+ i|−2q〉), |φ〉2 = |D〉(|2q〉 − i|−2q〉),
|φ〉3 = |A〉(|2q〉 − i|−2q〉), |φ〉4 = |A〉(|2q〉+ i|−2q〉)
}
(1)
where |D(A)〉 = 1√
2
(|H〉 ± |V 〉). Figures 1(b1)-(b4) and
Figures 1(c1)-(c4) give the beam profiles of {|ψ〉i} and
{|φ〉i}, respectively. Only polarization control is neces-
sary for the MUBs preparation procedure. The MUBs
preparation procedure (Figure 2(a)) can be realized with
high-speed devices because Pˆs(α1) can be factorized by
Pˆs(α1) = Uˆs(α1)Pˆs(0) (see Figure 2(b)). By apply-
ing this factorization, only two active unitary transforms
Uˆs(α1) and Uˆs(α2) are necessary for the MUBs prepara-
tion procedure. The MUBs can then be generated with
high speed by realizing Uˆs(α1) and Uˆs(α2) with electro-
optical modulators (EOMs). Then, the MUBs in Equa-
tion 1 can be constructed by choosing α1, α2 ∈ {0, pi/2}
and α1, α2 ∈ {pi/4,−pi/4}, respectively.
Above, we have proposed the preparation of two sets
of four dimensional MUBs by utilizing the nonseparable
feature of vector vortices. Another important part of a
QKD system is the complete projective measurement of
these MUBs. Now we construct the complete projective
measurement setup as below.
A q-plate can manipulate both DOFs of polarization
and OAM (as shown by Qˆ(q)). According to this prop-
erty of the q-plate, we propose a simple setup to con-
vert the OAM projection to polarization projection (see
Figure 2(c)) and realize the high-precision complete pro-
jective measurement for the prepared MUBs. In Fig-
ure 2(c), the unitary transform Uˆs(α3) is used to choose
projective basis from M1 =
∑
i |ψ〉i〈ψ| (α3 = 0) and
M2 =
∑
i |φ〉i〈φ| (α3 = pi/4). Without the loss of gener-
ality, we takeM1 as an example. Uˆs(α3) becomes a unit
matrix. The first polarizing beam splitter (PBSa) real-
izes the projective measurement of polarization. Then
two q-plates (QB1 and QB2) are used to twist the polar-
ization and OAM:
QˆB1|H〉(|2q〉+ e2iα1 |−2q〉)
=(1/
√
2)[(|L〉+ e2iα1 |R〉)|0〉+ |R〉|4q〉+ e2iα1 |L〉|−4q〉],
QˆB2|V 〉(|2q〉+ e2iα1 |−2q〉)
=(1/
√
2)[(−|L〉+ e2iα1 |R〉)|0〉+ |R〉|4q〉 − e2iα1 |L〉|−4q〉]
(2)
According to Equation 2, the input OAM state |2q〉 +
e2iα1 |−2q〉 has been mapped to the polarization state
|L〉 + e2iα1 |R〉) with zero OAM. By ignoring the non-
zero OAM terms, the input state can be discriminated
by polarization projection now. Thus, by cascading a
PBS (PBSb and PBSc) and a single-mode fiber (SMF)
in each path, we project |ψ〉1, |ψ〉2, |ψ〉3 and |ψ〉4 to
3FIG. 3. Experimental setup of the HD-QKD. (a) The state
preparation setup of Alice; (b) The projective measurement
setup of Bob. QA, QB : q-plate; Att: optical attenuator.
the single-photon detectors (SPDs) DH1, DV 1, DH2 and
DV 2, respectively. While |φ〉i projects to all SPDs with
equal probabilities. The SMFs are used to filter out all
non-zero OAM terms and thus leads to a 50% efficiency
loss. The similar conclusion can be obtained for the pro-
jective basis M2. Hence, we have realized the complete
projective measurement of the two sets of four dimen-
sional MUBs by utilizing the ”twist” ability of q-plates.
Our projective measurement method possesses high res-
olution as the extinction ratio of polarization projective
measurement is much higher than the directly OAM pro-
jective measurement.
Without the loss of generality, a proof-of-principle ex-
periment has been implemented to verify the feasibility of
a four dimensional BB84-protocol QKD [25] (as shown in
Figure 3), where Alice prepares and transmits the states
to Bob through the quantum channel and Bob makes
projective measurements to the received states. In the
state preparation procedure of Alice, the light source is
a Ti:sapphire locked pulsed laser. The wavelength of the
laser is (780± 5)nm, the pulse width is within 200fs and
the repeating rate is 77MHz. Uˆs(α1) and Uˆs(α2) are
realized by HWPs (HWP1 and HWP2 in Figure 3(a)).
The light intensity is attenuated to single photon level
by attenuators (Att1 and Att2) before transmitted to
Bob. The attenuators are also used to realize the ”vac-
uum+weak decoy state” method [27, 28, 50]. The aver-
age photon numbers of the transmitted signal and decoy
states are µ ≃ 0.053 and ν ≃ 0.017, respectively. In the
projective measurement procedure of Bob, basis chosen
Uˆs(α3) is realized by HWPs (HWP3 and HWP4 in Figure
3(b)): the rotation angles of HWP3 and HWP4 are zero
for M1 and are pi/8 for M2, respectively. A 3.05ns time
delay is used to multiplexing the transmissive and reflec-
tive signals of PBS3 to the following identical path after
PBS4. SMFs are used to project the zero OAM terms
into single-photon detectors (SPDs, SPCM-AQRH-14 of
Excelitas Technologies Corp.). The detection efficiency
and dark count rate of the SPD are 60% and 67Hz, re-
spectively. The time resolution of the SPD is 350ps with
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FIG. 4. The arrival time distribution of the SPD DH in Figure
3(b).
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FIG. 5. The probability distribution of the projective mea-
surement setup for transmitted signal states with µ ≃ 0.053.
full width at half maximum (FWHM).
We use a time-to-digital converter (TDC) with 50ps
time resolution to detect the arrival time of photons
through the short and long paths of Bob. Figure 4 gives
the detection results of DH in Figure 3(b). According
to the time distribution of count events, the effective de-
tection window of the SPDs are set to 1.15ns with post-
selection by the TDC. Figure 4 shows that 3.05ns time
delay is sufficient for time resolution between the short
and long paths. The effective dark count rate for the
post-selection detection window is then 7.7 × 10−8 per
pulse.
The projective measurement results of Bob’s setup for
transmitted signal states are shown in Figure 5. The re-
sults show very low crosstalk as all diagonal elements
are larger than 0.99. We define projective efficiency
TABLE I. The projective efficiency E and measurement error
3σ (3 times of standard deviation) of the projective measure-
ment setup.
|ψ〉1 |ψ〉2 |ψ〉3 |ψ〉4 |φ〉1 |φ〉2 |φ〉3 |φ〉4
Eµ 99.35% 99.32% 99.42% 99.68% 99.19% 99.73% 99.16% 99.33%
3σµ 0.05% 0.06% 0.05% 0.04% 0.06% 0.04% 0.07% 0.06%
Eν 99.27% 99.24% 99.41% 99.67% 99.13% 99.64% 99.12% 99.31%
3σν 0.10% 0.10% 0.09% 0.07% 0.11% 0.08% 0.13% 0.10%
4E = 1 − eb to evaluate the projective quality, where eb
is the QBER of the projective measurement of a trans-
mitted state. For example, eb =
∑
i6=1 i〈ψ|ψ〉1 for |ψ〉1.
The projective efficiencies of signal and decoy states are
shown in Table I. The projective efficiencies are all larger
than 99%. The maximum measurement errors are as
less as 3σµmax ≃ 0.07% and 3σνmax ≃ 0.10% for sig-
nal and decoy states, respectively. According to Table
I, the average QBERs of the signal and decoy states are
eµ ≃ (0.60±0.06)% and eν ≃ (0.65±0.10)%, respectively.
According to the GLLP formula [28, 51] for HDQKD
[32], the secret key rate of the d-dimensional BB84-QKD
can be estimated by
R ≥ qmQµ{−fEC(eµ)Hd(eµ)+∆1[log2d−Hd(e1)]} (3)
where qm depends on the QKD protocol and is 1/2 in
our experiment, Qµ and eµ are the gain and QBER of
the signal state, respectively, ∆1 is the fraction of single-
photon signals transmitted by Alice, fEC(eµ) is the error
correction efficiency of the signal state and Hd(eµ) =
−(1− eµ)log2(1− eµ)− eµlog2( eµd−1) is the d-dimensional
Shannon entropy. By applying the ”vacuum+weak decoy
state” method [50], δ1 and e1 can be estimated by the
following constraint inequalities: ∆1 ≥ µ
2e−µ
µν−ν2
(
Qν
Qµ
eν −
ν2
µ2
eµ − µ2−ν2
µ2
Y0
Qµ
)
, Y L,ν,01 =
µ
µν−ν2
(
Qνe
ν − ν2
µ2
Qµe
µ −
µ2−ν2
µ2
Y0
)
and e1 ≤ eνQνe
ν−e0Y0
Y
L,ν,0
1
ν
, where Y0 is the dark
count rate of the SPD, e0 is the QBER of the vacuum
state, Qν and eν are the gain and QBER of the weak
decoy state, respectively. The corresponding parameters
of our experiment are µ ≃ 0.053, ν ≃ 0.017, Qµ ≃ 4.03×
10−3, Qν ≃ 1.33×10−3, eµ ≃ (0.60±0.06)%, eν ≃ (0.65±
0.10)%, Y0 ≃ 8×10−8 and e0 = 0.5. Then, we obtain the
calculated SKRPSS R/(qmQµ) ≃ 1.849 ± 0.008, where
we have set fEC(eµ) = 1 (the SKRPSS is about 1.840
bits by considering a practical error correction efficiency
fEC(eµ) = 1.15).
According to the experimental results, the QBER and
the corresponding error of our experiment are very low
eµ ≃ (0.6 ± 0.06)%. This owes to the state preparation
and measurement methods proposed here. For both state
preparation and measurement procedures, we success-
fully map OAM superposition state manipulation into
polarization manipulation. As polarization manipulation
technologies are mature and with high-precision, our pro-
tocol achieves very low QBER. Furthermore, the map-
ping procedures apply no interferometric structure (e.g.,
the Mach-Zehnder interferometer (MZI)) and makes the
system stable (the experimental error is less than 0.1%).
It should be addressed that though the laser repetition
rate is 77 MHz, the QBERs of different transmitted states
are measured one by one by rotating the HWPs manually
in our proof-of-principle experiment.
A performance comparison of HDQKD systems based
on OAM photons is shown in Table II. where we list
some key indexes of HDQKD systems. The QBER of
ours is the lowest and thus the corresponding SKRPSS
is much higher than that of other four dimensional sys-
tems.Though Ref. [42] achieved a higher SKRPSS 2.05
bits, it is a seven dimensional QKD system with 10.5%
QBER.
The commonly used tools for OAM state preparation
are the spatial light modulator (SLM), the q-plate and
the digital micro-mirror device (DMD) [4, 19, 48]. The
main disadvantage of these tools is the relatively low
generation speed (from 10 Hz to several kHz [42]). By
combining with other means such as multi-path encod-
ing method, the generation speed difficulty can be over-
come. However, these means are still complex. For ex-
ample, the high-generation-rate method of Ref. [37] re-
quires two cascading MZIs. The state generation rate of
ours can achieve 100MHz by replacing HWP1 and HWP2
in Figure 3(a) with free-space EOMs. The free-space
EOM could hardly achieve higher modulation rate as the
high half-wave voltage required. Though there is still a
long way to make them practical, the integrated optical
waveguides [52] and modulators [53, 54] may be a poten-
tial solution to high-speed modulation of OAM photons.
The OAM and polarization-OAM state measurement
are usually carried out by the hologram-based OAM filter
[19, 55], the interferometric method [56, 57], the q-plate
method with wave plates [48] and the geometric trans-
formation method [58–61]. The hologram-based OAM
filter is lack of efficiency. The geometric transformation
method can fulfill the projective measurement of tens of
OAM modes simultaneously. However, the crosstalk be-
tween adjacent modes is still a little higher [60] for high-
quality QKD systems (see Refs. [38, 39, 41, 42, 62] of
Table II). The q-plate method used in previous works
is actually the mode filter [35, 40, 48]. By mapping
the OAM projection into polarization projection, we
achieve high-precision complete projective measurement
of polarization-OAM hybrid states with a much simpler
setup. It should be emphasized that only comparing with
QBER and SKRPSS of HDQKD systems in Table II are
not rigorous in a sense. Because the photon sources,
encoding states and communication channels vary from
one to one. However, Table II gives a clear picture of
some key indexes (such as QBER and secret key rate)
and shows relative merits of different systems.
In conclusion, we have proposed and verified the fea-
sibility of a four dimensional QKD protocol by utiliz-
ing the nonseparable feature of the vector vortex and
the polarization-OAM interconversion ability of the q-
plate. The characterization experiment achieves a very
low QBER and experimental error. The SKRPSS is
as high as 1.849 ± 0.008 bits with weak coherent light
source. Our work enhances the performance quality of
HDQKD with polarization-OAM hybrid states. The no-
interferometric and precise preparation and measurement
methods are ready for practical HDQKD systems. Fur-
thermore, our work also reveals that HD quantum state
manipulation can be simplified in some important scenar-
ios by utilizing the nonseparable feature of vector vortex
photons.
5TABLE II. Secret key rate comparison of some typical OAM-based HDQKD works with our works. d is the dimensionality of the
QKD system. WCS: weak coherent laser source;”—”:not shown in the reference; PPKTP and BBO represent the single-photon
sources generated by spontaneous parametric-down-conversion process with periodically poled potassium titanyl phosphate and
barium borate nonlinear crystals, respectively.
Our work Ref. [35] Ref. [36] Ref. [37] Ref. [38] Ref. [39] Ref. [40] Ref. [41] Ref. [42] Ref. [43] Ref. [44]
R/(qmQµ) 1.849 1.32 < 1.3 — 1.5316 0.49 0.39 1.63 2.05 1.139 0.7994
eµ 0.60% 4% — 14.1% 3.79% 21.2% 14% 3% 10.5% 8.8% 9.3%
d 4 4 4 4 4 10 4 4 7 4 3
Basis spin-OAM spin-OAM OAM spin-OAM OAM OAM spin-OAM spin-OAM OAM OAM OAM
Source WCS PPKTP BBO WCS BBO PPKTP PPKTP WCS WCS BBO BBO
Channel Table Table Table 1.2km Table Table 300m Table Table Table Table
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